Abstract Yellow-phase American eel (Anguilla rostrata) upstream migration is temporally punctuated, yet migration chronology within diel time periods is not well-understood. This study examined diel periodicity, chronology, and total length (TL) of six multi-day, highcount (285-1,868 eels) passage events of upstream migrant yellow-phase American eels at the Millville Dam eel ladder, lower Shenandoah River, West Virginia during 2011-2014. We categorized passage by diel periods (vespertine, nocturnal, matutinal, diurnal) and season (spring, summer, late summer/early fall, fall). We depicted passage counts as time-series histograms and used time-series spectral analysis (Fast Fourier Transformation) to identify cyclical patterns and diel periodicity of upstream migration. We created histograms to examine movement patterns within diel periods for each passage event and fit normal mixture models (2-9 mixtures) to describe multiple peaks of passage counts. Periodicity of movements for each passage event followed a 24-h activity cycle with mostly nocturnal movement. Multimodal models were supported by the data; most modes represented nocturnal movements, but modes at or near the transition between twilight and night were also common. We used mixed-model methodology to examine relationships among TL, diel period, and season. An additive-effects model of diel period + season was the best approximating model. A decreasing trend of mean TL occurred across diel movement periods, with the highest mean TL occurring during fall relative to similar mean values of TL for spring, summer, and late summer/early fall. This study increased our understanding of yellow-phase American eels by demonstrating the non-random nature of their upstream migration.
Introduction
The American eel, Anguilla rostrata, (LeSueur), is a catadromous species with a complex life history, including larval, glass, elver, yellow, and silver phases (Tesch 1977; Facey and Van Den Avyle 1987; Oliveira 1999) . Many yellow-phase individuals migrate long distances upstream, often facing migration barriers, such as dams (Tesch 1977; Facey and Van Den Avyle 1987; ASMFC 2000) . The upstream migration ecology of yellow-phase American eels is not well understood, particularly little is known about the periodicity and timing chronology of upstream movements. In the last few decades, eel ladders have been installed on some Atlantic Coast rivers, providing opportunities to study and monitor upstream movements of American eels (McGrath et al. 2003; Verdon et al. 2003; Schmidt et al. 2009; Welsh and Liller 2013; Welsh et al. 2015) . Further studies on the upstream migration ecology of the yellow-phase American eel are relevant to management and conservation efforts, given migration barriers on upstream movements and recent concerns of population decline (Haro et al. 2000; Richkus and Whalen 2000; Casselman 2003) . Bianchini et al. (1982) , as cited in Oliveira (1997) hypothesized a punctuated pattern of upstream migration, where short-term home ranges of American eels alternate with long-range movements. Interestingly, punctuated patterns of upstream migration may occur at several temporal and spatial scales. Annually, punctuated upstream movements are due, in part, to seasonal changes in water temperature. Walsh et al. (1983) and Renaud and Moon (1980) reported torpor and reduced feeding at 10°C in juvenile American eels. Yellow-phase American eels reduce or cease upstream movements during fall when water temperatures approach and reach 10°C (McGrath et al. 2003; Hammond and Welsh 2009 ) and resume upstream movements the following spring during water temperatures of~15-20°C (K. McGrath, pers. comm.; Welsh et al. 2015) . In addition to water temperature, other environmental variables have been associated with punctuated upstream movements, including periods of dark lunar phases and periods of increased river discharge (Welsh and Liller 2013; Welsh et al. 2015) .
Diel periodicity of upstream migration is expected for American eels, because upstream movements are punctuated by nocturnal or crepuscular behavior, as American eels primarily move at night or twilight, although some movements have been observed during the day (Helfman 1986; Dutil et al. 1988; McGrath et al. 2003; Verdon et al. 2003) . Few studies, however, have examined the timing of upstream migration within diel periods (day, twilight, and night). McGrath et al. (2003) and Verdon et al. (2003) documented the timing (30-min increments) of upstream migrants at eel ladders on the St. Lawrence and Richelieu Rivers, respectively. From these studies, McGrath et al. (2003) and Verdon et al. (2003) emphasized the predominance of nocturnal movements, but did not separate movements for twilight and night periods.
This study examined diel periodicity, passage timing, and lengths of upstream migrant yellow-phase American eels at the Millville Dam eel ladder on the lower Shenandoah River, West Virginia from 2011 to 2014.
Study objectives were to (1) examine diel periodicity of upstream migrants using time-series spectral analysis, (2) describe the distribution of passage counts during diel periods (day, twilight, and night) among seasons (spring, summer, and fall), and (3) examine size of upstream migrants relative to diel and seasonal periods.
Methods

Study site
The 296-m-wide Millville hydroelectric dam (owned and operated by PE Hydro Generation, LLC) stands five meters tall and is located on the lower Shenandoah River, approximately nine rkm upstream of the confluence of the Shenandoah and Potomac rivers, 100 rkm upstream of the Potomac River at the head of tide, and 285 rkm upstream from the mouth of the Potomac River estuary (Welsh and Liller 2013; Welsh et al. 2015 ). An 11-m eel ladder with a 50°slope (Milieu Inc., Quebec, Canada) is installed every spring on the western end of the dam. The eel ladder, a stainless steel-covered sluice that contains a pegboard climbing substrate, is designed to pass 150-800 mm total length (TL) American eels (Welsh and Liller 2013) . The eel ladder, typically in operation from spring or summer through fall to aid upstream migration, is removed during late fall to avoid structural damage owing to high river discharges during winter (Welsh and Liller 2013; Welsh et al. 2015) .
Data collection
American eels that passed through the Millville Dam eel ladder were assumed to be upstream migrants, and we refer to the Bpassage of an individual through the eel ladder^as a synonymous term with Bupstream movement.^We recorded data on passage counts, date and time of passage, total length of individuals, river discharge and astronomical period at the time of passage. Data on passage counts, including the date and time of passage, were obtained from photographs, where digital images were downloaded from the memory card of an infrared-triggered camera located near the apex of the eel ladder (Welsh and Aldinger 2014) . The digital photographs were also used to obtain photogrammetric measurements of American eel lengths as described by Welsh and Aldinger (2014 & Vespertine = movements during dusk period between sunset and evening astronomical twilight (i.e., when the sun is 0-18°below the horizon); & Matutinal = movements during dawn period between sunrise and morning astronomical twilight (i.e., when the sun is 0-18°below the horizon); & Diurnal = movements during the daytime period between sunrise and sunset; or & Nocturnal = movements during the nighttime period after astronomical twilight ends in the evening and before astronomical twilight begins the next morning.
Data analysis
We analyzed data from six multi-day passage events, which were selected based on short time periods (7 to 18 days) with high passage counts. This approach reduced variation associated with temporal (i.e., seasonal) changes in lengths of twilight, nighttime, and daylight periods. These six passage events were categorized as four seasonal periods: spring (17-28 May 2012, n = 1848), summer (12-21 July 2013, n = 1617, and 22 July-3 August 2014, n = 285), late summer/early fall (13 September-1 October 2011, n = 666, and 18-27 September 2012, n = 1868), and fall (14-21 October 2014, n = 519).
To examine periodicity of movements, we aggregated counts of individuals passing through the ladder into 10-min bins for each multi-day passage event starting at 12:00 noon on the first day and ending at 12:00 noon on the last day. We graphically-depicted these data as timeseries histograms, including a secondary y-axis for river discharge (m 3 /s) to emphasize the relationship between upstream movements and river discharge as previously reported by Welsh et al. (2015) . We examined the histogram data with time-series spectral analysis (Fast Fourier Transformation, FFT) to identify cyclical patterns and diel periodicity of American eel upstream migration (JMP, version 12.0.1 SAS Institute Inc. 2015 ). An FFT classifies data by component frequencies using an algorithm to convert time to frequency while finding sinusoidal patterns (Chatfield 1996) . Frequencies of dominant patterns are represented as peaks in periodograms and can be graphically depicted as time (x-axis) by spectral density (y-axis) (Meyer et al. 2007; Baluev 2013 ). We applied FFTs to count data for each of the six passage events and added a reference line to the time axis to indicate the dominant frequency.
To examine patterns of vespertine, nocturnal, and matutinal movements for each passage event, we created histograms of the number of individuals passing through the ladder pooled into a 14-h period (18:00-08:00 h) using 10-min bins. As a descriptive approach, we fit a normal model to the histogram data for each passage event representing a hypothesis of a unimodal peak. Additionally, we fit eight normal mixture models (2-9 mixtures) representing hypotheses of multimodal distributions (JMP, version 12.0.1 SAS Institute Inc. 2015). Using these nine candidate models, we used Bayesian information criterion (BIC, Schwarz 1978) to select the best approximating model (Steele and Raftery 2010) , which has the lowest BIC value of the candidate models. This analysis approach allowed for the description of multiple modes or peaks of passage counts for vespertine, nocturnal, and matutinal movements.
A mixed-model methodology was used to examine relationships among total length (TL), diel period, and season (SAS 9.4, PROC MIXED). Given that the TL of individuals passing within a 24-h diel period may not be independent, this approach adjusted covariance structure of the models through a random block effect on TL within each 24-h period (12:00 to 12:00 h). We fit the following four models to TL data: (1) an intercept model, (2) a diel period model, (3) a season model, and (4) an additive-effects model of diel period + season. We used BIC as a model selection criterion. To aid interpretation of model selection, we calculated mean ± SE and produced box plots of TL for categories of movements during diel periods (vespertine, nocturnal, matutinal, diurnal) and seasons (spring, summer, late summer/early fall, fall) plotting quartiles and whiskers that extended to the most extreme data point which was no more than 1.5 times the interquartile range (IQR) from the box. We did not have data for all seasons of each year. Therefore, we modeled seasons separately and could not test for a year effect. Also, given that passage events were selected from time periods of high counts associated with increased river discharge and often with new moon periods (Welsh et al. 2015) , we did not expect to find relationships between TL, river discharge, and lunar illumination. Therefore, we did not fit models with covariates of river discharge and lunar illumination.
Results
A total passage count of 9042 individuals was recorded at the Millville eel ladder during 2011-2014, including annual counts of 1255 (6 May-9 November 2011), 4263 (28 June-7 November 2012), 2470 (1 July-12 October 2013), and 1054 (22 July-5 November 2014). The six short-term passage events analyzed represented 75.2% (n = 6803) of the total number of individuals that used the eel ladder d u r i n g 2 0 1 1 -2 0 1 4 . To t a l l e n g t h s w e r e photogrammetrically measured for 5989 of the 6803 individuals, with a mean TL of 305.2 mm and a standard error of ±0.55, with values ranging from 185 to 609 mm TL.
Time series data of passage events separated into 10-min intervals depicted diel periodicity of upstream movements, where most individuals moved during periods of twilight and night, and few individuals moved during the day (Figs. 1, 2) . Peaks in movement for the multi-day passage events were associated with an increase in river discharge (Fig. 1) . For diel periods, the counts of vespertine, nocturnal, matutinal, and diurnal movements were 506 (7.4%), 5625 (82.7%), 588 (8.6%), and 84 (1.2%), respectively. For each passage event, time-series spectral analysis using FFT recovered dominant frequencies representing 24-h cycles (Fig. 1) .
Based on mixture model analysis, multimodal models were supported by the data. Multimodal patterns of movement differed across the six passage events, but there were some similarities in timing of modal peaks (Table 1) . Most movement peaks occurred during the nighttime period, although three of the six periods had peaks for vespertine or matutinal movements. All passage events had peaks during the middle of the nighttime period (0:00-02:00, Fig. 2) , which is likely the darkest part of the night. Also, peaks in movement occurred at or near the transitions of evening twilight/ night, and night/morning twilight in four of six and five of six passage events, respectively (Fig. 2) . For the spring passage event, a four-mixture model was supported, with a modal movement peak during each twilight period, and two peaks during the night period (Fig. 2a) . For the first summer passage event, a six-mixture model was supported by the data, with single modal peaks for vespertine and matutinal movements and four peaks of nocturnal movements (Fig. 2b) . For the second summer passage event, however, data supported only three movement peaks, including two for nocturnal movements and one at the transition of night and early morning twilight (Fig. 2c) . The first and second passage events of late summer/early fall contained eight and six peaks, respectively, where all peaks were during the nighttime period, except for a single peak of matutinal movement (Figs. 2d, e) . The fall passage event included four peaks of nocturnal movements and no peaks during twilight periods (Fig. 2f) .
For the mixed-model analysis of TL, the additiveeffects model of diel period + season was selected as the best approximating model (BIC = −7686.0), where BIC values for the intercept, diel period, and season models were −7676.1, −7650.5, and −7679.1, respectively. The additive-effects model was graphically supported and interpreted with use of descriptive statistics, where mean TL depicted a decreasing trend across diel periods (vespertine = 311.5 mm ± 1.7 SE, n = 235; nocturnal = 305.8 mm ± 0.59 SE, n = 5182; matutinal = 298.3 mm ± 1.9 SE, n = 514; and diurnal = 282.8 mm ± 5.5 SE, n = 58; Fig. 3 ). Also, mean TL was highest during fall (330.3 mm ± 1.9 SE, n = 472) relative to similar mean values of TL for spring (304.1 mm ± 1.0 SE, n = 1700), summer (301.2 mm ± 1.1 SE, n = 1548) and l ate summer/early fall (303.4 mm ± 0.87 SE, n = 2269; Fig. 4) . The higher mean TL of individuals undergoing vespertine movements did not influence the higher mean TL during fall passage (14-21 October 2014), as vespertine movements were not observed during the fall passage event.
Discussion
Results from this study provide several contributions to our understanding of the migration ecology of yellow- phase American eels. First, the application of spectral and FFT analysis, methods which were unavailable to many previous researchers, provided a quantitative assessment of the nocturnal behavior of American eel migrants. Second, the use of short (10 min) time intervals allowed for a detailed time series look at upstream movement patterns, providing an assessment of upstream movement counts during diel periods (day, twilight, and night) among seasons (spring, summer, and fall). This level of temporal resolution on the movement patterns of upstream migrants was not previously reported in the literature. Finally, our results provided data on the size of upstream migrants relative to diel and seasonal periods, information that furthers our understanding of the ecology of upstream migrant American eels.
It is well established that American eels are primarily nocturnal (Helfman et al. 1983; Helfman 1986; Dutil et al. 1988 Dutil et al. , 1989 Meffe and Sheldon 1988; Parker 1995) , thus diel periodicity of movements would be expected to closely follow a 24-h cycle of activity. Based on six multi-day passage events during this study, time-series spectral analysis found a dominant frequency at 24 h. While studies have examined the periodicity of movement (Bohun and Winn 1966; Helfman et al. 1983; The BIC values in bold print represent the best approximating model for each passage event
Bianchini 1986), we are unaware of other studies using quantitative methods, such as spectral and FFT analysis, for evaluation of periodicity of American eel upstream migration. Fast fourier transformation, however, has been used in several studies to identify periodicity in movements of other fish species (Graham et al. 2006; Shepard et al. 2006; Meyer et al. 2007; Afonso et al. 2009; Brunnschweiler and Sims 2011) . Few studies have addressed diel chronology and timing of upstream movements of yellow-phase American eels during periods of twilight and night. The majority of movements in this study were nocturnal, and all six events had peaks of movement occurring during the middle of the nighttime period. Dutil et al. (1989) (2003) and Verdon et al. (2003) used passage data of eel counts for 30-min periods and did not separate periods of day, twilight, and night, whereas our data represented 10-min time periods, and separated day, twilight, and night based on time periods of astronomical twilight. Also, it is interesting to note that all passage events had peaks during the middle of the nighttime period (0:00-02:00, Fig. 1 ), likely the darkest part of the night. It is possible that some American eels select darker conditions when migrating to avoid the risk of predation.
Although the distribution patterns and timing of upstream migration in this study were complex and variable across seasons, there were some similarities among passage events. The majority of peaks in movement were nocturnal, and five of the passage events had movement peaks occurring near the interfaces of twilight (vespertine and matutinal movements) and night, which supports previous findings that eels exhibit nocturnal and crepuscular behavior. There are several simple biologically reasonable hypotheses for diel chronology and timing of upstream movements. One hypothesis, which would represent a unimodal distribution, is where upstream migrants initiate vespertine movements Fig. 3 Descriptive statistics of TL (mm) of American eels using the Millville Dam eel ladder during four diel periods of movement (vespertine = V, n = 235; nocturnal = N, n = 5182; matutinal = M, n = 514; and diurnal = D, n = 58). The median for each period is represented with a bolded line, boxes indicate 25% and 75% quantiles, and whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range (IQR) from the box. Points indicate outliers Fig. 4 Descriptive statistics of TL (mm) of American eels using the Millville Dam eel ladder during four seasonal periods (spring = SP, n = 1700; summer = SM, n = 1548; late summer/ early fall = SF, n = 2269; and fall = FL, n = 472). The median for each season is represented with a bolded line, boxes indicate 25% and 75% quantiles, and whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range (IQR) from the box. Points indicate outliers at dusk, depict a modal peak of nocturnal movements during the night, and continue with matutinal movements at a decreasing rate until dawn. However, our data did not support a unimodal distribution. Additionally, bimodal distributions, which were not supported by the data, could result from peaks of vespertine and nocturnal movements, or peaks of nocturnal and matutinal movements. Another hypothesis, which would represent three distributions, would involve modal peaks of vespertine, nocturnal, and matutinal movements, but this distribution pattern was also not supported by the data. Based on our observational data, we were not able to explain why distribution patterns of diel chronology and timing of upstream migration were relatively complex (three to eight modal peaks). We were also not able to explain why the most complex distribution patterns occurred during the two passage events of late summer/early fall. Peaks in movement, however, occurred at or near the interfaces of evening twilight and night, and night and morning twilight in four of six and five of six passage events, respectively. This finding is consistent with experimental studies by Bohun and Winn (1966) , who reported that locomotor activity in 203-305 mm American eels was highest at times of light change, corresponding to dusk and dawn periods, and by Edel (1976) , who found bursts in activity during times of light change. Helfman (1986) also observed that changes in the movements of American eels in a Florida cave-spring occurred around dusk and dawn.
The diel chronology of upstream migrants using the eel ladder may be linked to the longitudinal distribution of individuals downstream of the dam, the initial distance downstream of the dam prior to starting vespertine or nocturnal movements, and the speed of upstream migration. Assuming a constant rate of upstream migration, individuals closest to the dam may find the eel ladder sooner than those farther from the dam. Another consideration is the variation in search time among individuals in finding the ladder entrance. Presumably, there is a time delay from when an upstream migrant reaches the dam and when it finds the eel ladder entrance. This may explain why peaks in vespertine movements were only observed during two of six passage events.
The mean TL of individuals passing the dam followed a time trend where the longest individuals used the ladder during evening twilight (vespertine movements) and the shortest individuals used the ladder during the day (diurnal movements). Our finding of larger individuals undergoing vespertine movements is not influenced by the larger individuals of the fall period (14-21 October 2014), because we did not have TL data for individuals undergoing vespertine movements during of the fall period. Although the eel ladder is expected to pass upstream migrants, it is also possible that American eels with established home ranges just downstream of the dam may also use the ladder. American eels with established home ranges will likely have higher mean TL than upstream migrants, and if these individuals are proximately located downstream of the dam, then they would have a relatively short distance of travel to reach the dam during vespertine movements. Ford and Mercer (1986) found in Great Sippewissett Marsh, Falmouth, Massachusetts, that the average size of individuals decreased as their home range distance upstream increased; however, they found no relationship between size of individuals and distance of diel movement. It is also unclear why larger individuals rarely moved during the daytime period, but smaller individuals moved during day, twilight, and night.
The mean TL of individuals passing during the fall exceeded that of individuals migrating upstream during the spring, summer, and late summer/early fall periods. Similarly, for upstream migrants at Millville Dam during 2004 -2005 , Welsh and Liller (2013 reported a larger mean TL during late summer/early fall (33.6 cm ± 0.12 SE) relative to those of late spring/ summer (30.2 cm ± 0.23 SE) and spring/summer (29.3 cm ± 0.13 SE). Dutil et al. (1989) also found a decrease in the proportion of smaller sized eels in the Gulf of St. Lawrence as the migration season progressed. Possibly, individuals with higher rates of punctuated movements experience faster growth (due to reduced upstream migration and increased foraging time) and reach upstream sections of the river later in the year. Although we found no studies examining the effect of water temperature on American Eels of different sizes, we speculate that the influence of colder water temperatures on the activity of larger individuals may be less than that of smaller individuals, particularly during fall when water temperatures are between 10 and 15°C, but we were not able to test this hypothesis with observational data. Hammond and Welsh (2009) found that larger yellow-phase eels (518-810 mm TL) were active during fall time periods with mean water temperatures as low as 9.3°C. This study examined the timing chronology of upstream migration of yellow-phase American eels among and within 24-h (diel) periods. Based on the time-series spectral analysis of six multi-day passage events, periodicity of movements closely followed a 24-h cycle of activity with the majority of movements being nocturnal with a few peaks occurring near the interfaces of twilight (vespertine and matutinal periods) and night, which supports previous studies finding that eels exhibit nocturnal and crepuscular behavior Meffe and Sheldon 1988; McGrath et al. 2003; Verdon et al. 2003; Hammond and Welsh 2009 ). The distribution patterns and timing of upstream migration were complex and variable. The TL of individuals passing the dam followed a chronological trend with time, where the longest individuals passed through the ladder during the vespertine period and the shortest individuals used the ladder during the day (diurnal movements). The mean TL of individuals passing was greater during the fall period than that of individuals using the ladder during the spring, summer, and late summer/early fall periods, which supports the results found by Dutil et al. (1989) , Hammond and Welsh (2009) , and Welsh and Liller (2013) .
While this study provides insight into the patterns of upstream migration of yellow-phase American eels in the Shenandoah River, we realize that correlative effects associated with observational data limit strong inference. We also realize that migration data based on passage at an eel ladder may not represent migration in a river system without barriers. Also, inference is restricted to the lower Shenandoah River, as we do not know if these results are representative of other watersheds within the geographic range of American eels. Future studies of similar design including multiple watersheds could offer a better understanding of upstream migration throughout the American eel's geographic distribution. Based on the 24-h cycle and the range of time for movement peaks, our study suggests that the monitoring counts of individuals migrating upstream should occur on a nightly basis and throughout the entire night (i.e., from sunset to sunrise) to ensure inclusion of most upstream migrants.
